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I. INTRODUCTION
A key objective of biomedical research is to elucidate the complex genetic interactions underlying molecular phenotypic variations [1] . The "genetical genomics approach" is a recent development that offers a new perspective on genetic analysis by integrating large scale genotype data with high throughput genomics data such as microarray gene expression profiles. Specifically, this method treats molecular mRNA transcription levels (gene expression profiles) as quantitative traits and identifies regulatory loci that can explain the genetic variation in these molecular traits. In most current genetical genomics studies, each gene's expression is studied as an individual trait and the genetic factors that explain its variation are studied [2]- [6] . Although widely used, this strategy is insufficient to study the complicated molecular mechanism regulating mRNA transcription due to a problematic assumption that genes are individually expressed [7] . It has been observed that the expressions of genes are correlated and may be controlled by the same regulators. For instance, genes on the same pathway usually have correlated gene expressions. Therefore, it is important for genetical genomics methods to consider and investigate, in the analysis, such dependence structure .
Several approaches have been proposed to incorporate gene set information, and to identify regulators or regulatory conditions for a set of related genes. Not specifically designed for genetical genomics, Mootha et al. (2003) [8] introduced the gene set enrichment analysis (GSEA) test, which associated the rankings of genes with gene set membership information to see whether certain previously defined molecular gene sets were "enriched" among the top genes associated with an outcome of interest. This strategy has been adopted in genetical genomics studies such as those by Lan et al. [7] and Ghazalpour et al. [9] . In both studies, quantitative trait locus (QTL) mapping was first conducted for each transcript (gene expression trait) individually. For genomic regions with excessive numbers of transcripts mapped to them, GSEA [9] or Gene Ontology (GO) [10] enrichment analysis [7] was conducted to identify regulatory pathways or molecular functional categories that were likely to have set-wise regulators within these regions.
Another way of acknowledging the inter-relatedness among genes in a set is to use mega-phenotypes defined directly on the related genes. Clustering and principal component analysis have been popular tools to capture correlation structure for conventional gene expression analysis (e.g., [11] , [12] ). In the study by Lan et al. [13] , the principal components of the multiple transcripts in a set were used as traits to identify the regulators of the main phenotypic variations for a set of genes. The above two strategies have focused on identifying the co-regulators of a set of genes (e.g., on a pathway) or the regulators of common variations of a gene set. However, regulators of a molecular pathway may affect not only the expression levels of these genes but also the extent to which they are inter-correlated. Firstly, the interaction of two genes may be regulated or affected by a regulator. Secondly, interacting transcripts that are regulated by a common upper cascade regulator may show high correlation under the functioning variant of the regulator, but not under the non-functioning variant. We hypothesize that if a genomic regulator affects the upper cascade of an interacting gene set (e.g. a pathway), the correlation tendencies among the set should vary as genotypic differences of the regulator (Figure 1) .
In this paper, we describe an approach to identify the genomic regulators of set-wise co-expression of related genes according to current biological knowledge. To uncover and define co-expression quantitatively, we use the level of correlation between the expression values of two transcripts, in keeping with current practices [11] . More specifically, in this study, we introduce a differential allelic co-expression (DACE) test to identify regulatory association between an SNP marker and a gene set, by searching for allelic association between an SNP and the correlation levels within a gene set under a linear regression model. Using the DACE test, we identified significant putative genomic regulators that appear to affect mRNA co-expression in 15 biological pathways.
II. MATERIALS AND METHODS

A. Differential allelic co-expression (DACE) test
Identification of differential allelic co-expression is performed through a series of tests, each conducted between a given SNP marker and a given gene set, to test correlation structure differentiation of mRNA transcripts (of the gene set) arising from the genotypes of an SNP.
Assume that expression phenotypes and SNP genotypes are measured on n subjects. Given an SNP, subjects are divided into its G genotypes. To study a set of p transcripts (expression phenotypes), first compute, within each genotype group, the Pearson correlation coefficients [14] of the expression levels between all pairs of transcripts in a set. Denote rijg as the correlation between transcripts i and j within genotype group g. Correlation coefficients are not normally distributed [15] . For our test, we perform the "Fisher's z' transformation" [15] on the original correlation values as follows:
To test whether the SNP under study has a significant effect on the levels of correlation among these genes, we adopt the general framework of a linear model:
where z is defined as above and Xg represents genotype variation. For an SNP with alleles A and B, we code Xg 0 for genotype AA, 1 for genotype AB and 2 for genotype BB.
Therefore, the t test for Ho : 1 = 0 versus H1 : /31 7 0 searches for significant allelic association between an SNP and the trait of interest (correlations).
B. Compilation of gene set
We used pathway information for grouping probes in an array to create a gene set. These data were obtained from 1-4244-1509-8/07/$25.00 02007 IEEE publicly available pathway resources (BioCarta [16] ) for mapping genes to pathways. A total of 276 pathways were present for the 12,488 probes on the Affymetrix U74Av2 array.
C. BXD RI data set Recombinant inbred strains were generated by repeated inbreeding of F2 mice derived from 2 parental inbred strains, C57BL/6 (B6) and DBA/2 in the case of BXD RI strains. Each of the BXD strains has evolved a unique combination of homozygous parental alleles; the usefulness of the strains in genetic mapping has led to hundreds of experiments to study the genetics of a wide variety of phenotypes [17] . We assembled expression phenotype and genotype data from different repositories concerning the BXD RI strains.
D. Microarray gene expression data
We downloaded DNA microarray data sets which measure transcriptome expression in hematopoietic stem cell (HSC) across 22 BXD RI strains [6] , from National Center for Biotechnology Center (NCBI) Gene Expression Omnibus (GEO). Affymetrix U74Av2 arrays were used for HSC transcriptome profiling. For each chip, we computed 12,488 gene expression values for the Affymetrix data using the robust multichip average (RMA) algorithm [18] which uses background adjustment, quantile normalization and summarization.
E. SNP genotype data
The genotype data of the 22 BXD RI strains of mice were downloaded from webQTL [19] genotypes. The DACE test described in the Materials and Methods section was used to identify regulatory association in the BXD RI data set.
As described in the Materials and Methods section, we configured 276 gene sets using pathway information. Due to computational concerns, we restricted ourselves to pathways with fewer than 30 gene members. As a result, the test was performed using 233 pathways and 3,033 SNP markers. The false discovery rate (FDR) [20] was controlled at < 0.001. 15 pathways showed significant association with at least one SNP locus. Five of these, some of which play critical roles in hematopoietic stem cell (HSC) function, are listed in Table I . A complete list of the association found between the 15 pathways and 132 loci is provided in Supplement 1 [21] .
For comparison, we performed the widely used single gene tests on the same data set, in which the association between gene and locus detected by the DACE test cannot be detected. Therefore, the set-wise co-expression regulators identified using our approach are different from (and possibly complementary to) the gene set (or GO) enriched regulatory regions studied by Lan et al. [7] and Ghazalpour et al. [9] . For example, using the DACE test, the role of Tob in the T-cell activation pathway showed significant association with SNP markers within the region 84.03-88.47 cM on chromosome 6. On the other hand, none of the 17 genes comprising this pathway showed association with the same SNPs in single gene tests. These results indicate that none of the 17 transcripts have differentiated expression levels across the genotype groups of this locus (Figure 2-b) . Rather, the extent and patterns of correlation among the transcripts are significantly different between the two genotype groups (Figure 2-c) .
In this paper, we detected SNPs that were associated with the difference in the correlation structure among genes in a pathway. the pathway in the DACE test. Therefore, we examined, in the regulatory network of known biological interactions, the positional relation between the significant genomic regulatory loci for a specific pathway identified by the DACE test and the genes in this pathway. More specifically, for a pathway with a significant genomic regulatory locus returned by the DACE test, we located the members of this pathway on the genome and identified those that were adjacent to the identified regulatory locus. Here, we empirically defined adjacent genes as those located within 10 Mbp from the physical location of the identified regulatory locus. Among the 15 significant pathways with significant loci identified, 7 pathways have at least one gene member that are adjacent to the regulatory genomic loci returned by the DACE test. The results are provided in Supplement 2 [22] . In most cases, the adjacent genes are located in the upper cascade of their pathways. In the case of the Cyclin E Destruction pathway, the "chr2. 149122813 -159760664" locus was detected as a putative genomic regulator of the pathway by the DACE test (p-value <2.59E-06). The E2F1 gene, a member of the Cyclin E Destruction pathway, has been physically located within the locus of "chr2. 149122813 -159760664,", next to the identified regulatory locus (Figure 3) . By single gene association test, the E2F1 gene and the regulatory locus did not show significant association after correcting for multiple comparison (minimum p-value = 0.0639).
For the DACE test, we used the ordinary simple linear regression to identify differentiation of correlation structure. However, the significance evaluation using simple linear regression might potentially be problematic since the distribution of statistics may depart from normality. To evaluate this issue, we used permutation procedure to obtain empirical pvalues. For each permutation, we randomly reassigned the genotypes of a given SNP to the 22 samples and repeated the DACE tests, measuring the association between the correlation structure of the mRNA transcripts and the shuffled genotypes of the SNP. The procedure was repeated 1,000 times to get empirical p-values of the original test results. We performed the permutation test for the 15 previously identified significant pathways and false discovery rate (FDR) was controlled at < 0.05. Not all association originally identified by the DACE test was significant in the permutation procedure, but strong signals were still captured by the permutation test (Table II) .
IV. DISCUSSION AND CONCLUSION It is well known that complex functions of living cells are performed through the concerted efforts of many genes [23] . Because of this modular nature of gene regulatory networks, it is more biologically relevant to identify regulators of gene sets rather than individual genes. Previous single gene analyses assumed that all genes were individually expressed and looked for regulatory factors for each individual gene, an insufficient approach. In contrast, we developed a set-wise approach (the DACE test) to reveal genomic loci involved in the regulation of co-expression, or of the inter-correlation of mRNA expressions, in gene sets such as those involved in pathways. The DACE test treats a gene set as an analytical unit and examines factors associated with correlated activities within a given pathway. This relationship, between a genomic locus and a gene set, cannot be detected by single gene tests. Having configured our gene set using biological knowledge rather than through an optimizing approach to generate a random set, our results are more biologically relevant. Using biological knowledge of pathways also narrows the computational scope of such studies, leading to higher power and better efficiency.
In our analysis, the genomic regulators identified using the BXD RI data set were not associated with the actual expression levels of the genes in the corresponding pathways, as they were not identified as significant in single gene tests. Instead, they regulated the level of correlations between genes and were only detectable when the set of genes was studied as a unit. (See Figure 2 for an example using the role of Tob in T-cell activation pathway). This clearly demonstrates the utility of our approach for biological discovery, i.e., studying the regulation of interactive activities within pathways, which cannot be achieved with traditional genetical genomics approaches. It should also be noted that our approach is different from studying gene-gene regulation within a pathway, which focuses on the interactive activities of individual gene pairs genes within a pathway.
A biological pathway is defined as a series of molecular interactions and reactions. If there are subtle changes in the expression level of a few genes located in the upper cascade of a pathway, they may alter the overall co-expression patterns of the pathway. This hypothesis is plausible to explain our DACE results. We found, for 7 of the 15 significant pathways, at least one upper cascade gene that were adjacent to the identified regulatory loci of the pathways. In the case of the Cyclin E destruction pathway, the E2F1 gene is high in the upper cascade of the pathway (Figure 4 ) and the gene was located right next to the significant regulatory locus of the pathway (Figure 3 ). As for the 8 pathways that did not show gene member(s) next to the loci of identified regulators, one possible explanation is that our expression data only covered 8500 genes. We may have missed some upper cascade genes of the 8 pathways near by the regulatory locus just because their expressions were not measured by this platform. Or it is possible that there are other pathway members which have not been discovered yet. Because we only checked the regional relationships based on established knowledge, our results still require further validation to establish true regulatory relation. We believe that our results provide good starting points for pathway augmentation if there is undiscovered gene member nearby an identified regulatory loci of a pathway.
While there have been several studies concerned with coexpression or co-regulation of genes under external stimuli, these studies have yet to take into consideration natural variations, such as inherited genetic variation. Our procedure, designed to measure the influence of genetic variation on the co-regulation of gene expression at a genome-wide scale, offers important evidence of heritability of mRNA co-expression between individuals. 
